Autoreactive B cells are not completely purged from the primary B cell repertoire, and whether they can be prevented from maturation into memory B cells has been uncertain. We show here that a population of B cells that dominates primary immune responses of BALB/c mice to influenza virus A/PR/8/34 hemagglutinin (HA) are negatively selected in transgenic mice expressing PR8 HA as an abundant membrane-bound Ag (HACII mice). However, a separate population of B cells that contains precursors of memory B cells is activated by PR8 virus immunization and is subsequently negatively selected during the formation of the memory response. Negative selection of PR8 HA-specific B cells altered the specificity of the memory B cell response to a mutant virus containing a single amino acid substitution in a B cell epitope. Strikingly, this skewed reactivity resulted from an increase in the formation of memory B cells directed to non-self-epitopes on the mutant virus, which increased 8-fold in HACII mice relative to nontransgenic mice and precisely compensated for the absence of autoreactive PR8 HA-specific memory B cells.
B
cell repertoire formation occurs in distinct phases and in discrete anatomical sites. The primary B cell repertoire is formed mainly in the bone marrow (BM) 3 through the rearrangement of Ig variable region genes, leading to the development of B cells expressing functional Ig molecules with sufficient diversity to recognize an unknown universe of pathogens (1) . The memory B cell repertoire, in contrast, is formed principally in germinal centers that develop in the spleen and lymph node in response to signals from inciting agents, including CD4 ϩ T cells (2) (3) (4) . Within germinal centers, a subset of the Ag-specific B cells activated from the primary repertoire undergo somatic hypermutation and a complex selection process termed affinity maturation that is characterized by the consistent expansion of rare variants possessing higher affinity and enhanced specificity for the immunizing agent (2) (3) (4) . Somatically mutated autoantibodies are also characteristic of some autoimmune diseases (5) (6) (7) . Yet whether and why these cells evade mechanisms that might actively eliminate autoreactive B cells from the memory repertoire is not understood.
Studies of Ab responses to variants of self-Ags have shown that the specificity of the memory B cell repertoire can be skewed away from reactivity with self-Ags (8 -10) . These studies indicated that B cell tolerance induction occurs and can shape the specificity of memory responses, although whether this reflected processes occurring during primary or memory formation (or both) was not known. Mice expressing defined Ig specificities either as transgenes or following targeted integration into Ig loci have been used to show that B cells expressing autoreactive specificities can be negatively selected from the primary repertoire, either through deletion (11, 12) or receptor editing (13, 14) . In other cases, B cells expressing autoreactive specificities were found to persist in the preimmune repertoire despite their specificity for a self-Ag, and may be actively regulated by anergy induction (15, 16) or follicular exclusion (17, 18) . However, there is also evidence that these autoreactive B cells can be recruited into Ag-driven immune responses if provided with CD4 ϩ T cell help (19 -21) . Indirect evidence that autoreactive B cells may be subjected to tolerance induction during memory formation was obtained by showing that large doses of soluble Ag can induce apoptosis of germinal center B cells (22, 23) . Also, introduction of a Bcl-2 transgene allowed B cells with dual specificity for a foreign and self-Ag to be recovered from germinal center B cells (24, 25) , providing further evidence that apoptosis may play a role in preventing autoreactive memory B cell formation. Nevertheless, direct evidence that autoreactive B cells can be subjected to negative selection during memory formation based on their specificity for a self-Ag has been sparse.
We have been examining the extent and specificity with which autoreactive B cells are negatively selected from primary and memory B cell repertoires using the influenza virus A/PR/8/34 hemagglutinin (PR8 HA) as a model self-Ag. We previously examined tolerance induction in HA104 mice, in which PR8 HA expression is driven by the SV40 early region promoter/enhancer, and showed that a population of B cells that dominates primary responses to PR8 HA in BALB/c mice is subjected to negative selection in HA104 mice (26) . However, another population, which participates in both primary and memory B cell responses of BALB/c mice, evaded negative selection from the primary B cell repertoire of HA104 mice (26) , and memory B cell responses to the PR8 HA were unaffected by tolerance induction (27) . In this report, we have analyzed transgenic mice that express PR8 HA as an abundant membrane-bound Ag driven by a MHC class II promoter (HACII mice) (28) . In this case too, a population of autoreactive PR8 HA-specific B cells can be activated by primary virus immunization, but unlike HA104 mice, these autoreactive PR8 HA-specific B cells are subjected to negative selection during memory formation in HACII mice. These studies provide direct evidence that specificity for self-Ag can prevent autoreactive B cells that evade negative selection from the primary repertoire from maturing into memory B cells. The findings further show that the ability of self-Ags to impose this negative selection can be affected by their expression in different amounts and/or cell types, which may contribute to the targeting of particular self-Ags in memory autoantibody responses.
Materials and Methods

Mice
HA104 and HACII mice and the detection of transgenes were described previously (28, 29) . Both lineages of HA-transgenic mice were backcrossed to BALB/c mice (Harlan, Indianapolis, IN) at least 10 generations before use in these experiments and were maintained in sterile microisolators at the Wistar Institute Animal Facility. In multiple experiments, nontransgenic littermates of HA104 and HACII mice generated equivalent Ab-secreting cell (ASC) responses as BALB/c mice following virus immunization, and therefore both are referred to as BALB/c mice. C.B-17 scid mice were obtained from the Wistar Institute colony and were screened by the facility to ensure the absence of serum IgM before use in these experiments. All mice were at least 8 wk of age before immunization.
Flow cytometry
BM cells or splenocytes were washed with RPMI 1640 medium (Irvine Scientific, Santa Ana, CA) containing 2% FCS and 0.08% NaN 3 and stained with diluted Abs for 30 min. The following Abs were used for analysis: purified anti-CD16/32 (Fc block; clone 2.4G2; BD Pharmingen, San Diego, CA) FITC-anti-mouse CD45R/B220 (clone RA3-6B2; BD Pharmingen), FITC-anti-mouse CD11c (clone HL3; BD Pharmingen), PEanti-mouse I-A d (clone AMS-32.1; BD Pharmingen), and biotin-anti-PR8 HA (clone B62-82) (28) . Biotin-anti-PR8 HA was detected with streptavidin-Red670 (Invitrogen Life Technologies, Carlsbad, CA). Three-color cytometry was performed on a FACScan flow cytometer (BD Biosciences, San Jose, CA). Data analysis of at least 50,000 events was performed using CellQuest (BD Biosciences). For purification of cells by flow cytometry, samples were sorted to ϳ95% purity at the Wistar Institute's sorting facility using a Cytomation MoFlo and Summit software (DakoCytomation, Fort Collins, CO).
Viruses and immunizations
Influenza viruses PR8 (A/Puerto Rico/8/34 (H1N1)), T3 (a mutant PR8 virus containing an aspartic acid to glycine interchange at aa 225) (30) , and J1 (a reassortant of PR8 containing the serologically non-cross-reactive H3 subtype HA) (31, 32) were grown in the allantoic cavity of 10-day-old fertilized chicken eggs, purified by sucrose gradient centrifugation, and titered by chicken RBC agglutination (33) . To induce primary B cell responses, mice were immunized i.v. (tail vein) with 1000 hemagglutinating units (HAU) T3 virus in 0.2 ml of PBS and sacrificed 5 days later. For secondary B cell responses, mice were primed i.p. with 1000 HAU T3 virus in 0.2 ml of PBS and, after at least 4 wk, they were i.v. boosted with 1000 HAU T3 virus in 0.2 ml of PBS and sacrificed 3 days later.
Virus-specific ELISPOTs
Virus-specific ELISPOTS were done using purified T3, PR8, and J1 viruses as described previously (26) . Briefly, 96-well Multiscreen-HA plates (Millipore, Bedford, MA) were coated with 50 l/well T3, PR8, or J1 virus (800 HAU/ml in PBS plus 0.08% NaN 3 ). After overnight incubation at 4°C, plates were blocked with 0.2 ml/well supplemented with IMDM plus 5% FCS. Splenocytes were plated in duplicate in 0.2 ml at 1 ϫ 10 6 , 2.5 ϫ 10 5 , 6.25 ϫ 10 4 , and 1.25 ϫ 10 4 cells/well for 4 h at 37°C. Plates were again blocked with 1% BSA in PBS plus 0.08% NaN 3 . Bound Ab was detected with alkaline phosphatase (AP)-conjugated goat anti-mouse IgM or IgG Ab (Southern Biotechnology Associates, Birmingham, AL). AP was developed with nitroblue tetrazolium (Sigma-Aldrich, St. Louis, MO) and 5-bromo-4-chloro-3-iodolyl phosphate (Sigma-Aldrich) in 0.1 M NaHCO 3 plus 0.001 M MgCl 2 . ASC spots were counted using a dissection microscope. In control experiments, splenocytes from unimmunized mice yielded spots at cell concentrations Ͼ10 6 /ml. Accordingly, the lower detection limit for these assays is ϳ1 ASC/10 5 splenocytes.
Virus-specific ELISA
ELISAs were done using T3, PR8, and J1 viruses as immunoadsorbents as described previously (26) . Briefly, polyvinyl 96-well plates (Costar, Cambridge, MA) were coated with 25 l of diluted virus (800 HAU/ml in PBS plus 0.08% NaN 3 ), incubated overnight at 4°C, and then blocked with 1% BSA in PBS plus 0.08% NaN 3 . Hybridoma supernatants were added (diluted in 1% BSA in PBS plus 0.08% NaN 3 ) for 90 min. Bound Ab was detected by using AP-conjugated goat Abs to mouse IgM, total IgG, IgG1, IgG2a, IgG2b, or IgG3 (1 g/ml in 1% BSA in PBS plus 0.08% NaN 3 ; Southern Biotechnology Associates) and developed using p-nitrophenyl phosphate (Pierce, Rockford, IL). Absorbances were read at 405 nm/650 nm using a microplate reader.
Hybridoma generation
Hybridomas were generated from splenocytes from T3-immunized BALB/c and HACII mice 5 days after primary immunization by fusion with Sp2/0-Ag14 cells and selection with hypoxanthine-azaserine (SigmaAldrich) as described previously (26) . Ten days after fusion, hybridoma supernatants were aspirated and replaced with IMDM plus 10% FCS. Two days later, supernatants were screened by ELISA for reactivity with T3 and J1 viruses. Those hybridomas that displayed Ͼ3-fold higher reactivity with T3 than J1 were expanded in IMDM plus 10% FCS, and supernatants were further screened for reactivity with T3, PR8, and J1 viruses and for IgH chain isotype. Hybridomas were designated as T3 HA specific and PR8 HA specific as previously described (26) . In brief, T3 HA-specific hybridoma supernatants displayed Ն10-fold higher reactivity with T3 than PR8 and J1 viruses; PR8 HA-specific hybridoma supernatants displayed equal reactivity with T3 and PR8 viruses and Ն10-fold higher reactivity with T3 and PR8 than with J1 viruses. In the hybridoma designation, the prefix indicates the individual donor mouse and the suffix indicates the individual hybridoma number (e.g., 920-18).
Sequence analysis of Ab V regions
Sequence analysis of hybridoma IgL and IgH chain mRNA V regions was performed as described previously (26) . Briefly, mRNA was isolated from ϳ10 6 hybridoma cells and reverse transcribed using the L chain-specific primer C1 and the appropriate H chain constant region-specific primer (cIgM, cIgGx, or cIgG3) under standard conditions (34) . PR8 HA-specific B cell clonotypes characteristic of the primary and memory Ab responses of BALB/c mice to PR8 HA, termed C12 and C4, were identified by their use of particular IgH/IgL gene segment combinations. C12 B cells use the VC12/VHC12 gene segment combination (35) , and C4 B cells use the VC4/J5 gene segment combination paired with any one of a number of different IgH chain genes (36) . PCR was first conducted on the resulting cDNA using C12 and C4 clonotype-specific primers: VHC12 to amplify C12 H chains and VC12 and VC4 to amplify C12 and C4 L chains, respectively (primers generated by CyberSyn, Lenni, PA). Those cDNA which did not amplify with C12 or C4 clonotype-specific primers were next amplified with the degenerate V-specific primer L5 that can amplify a wide variety of V gene groups and the degenerate VH-specific primers VH5.1 and VH5.2 that can amplify a wide variety of VH gene groups. Amplified products were run on a 1.5% agarose gel, purified using the Compass DNA purification kit (American Bioanalytical, Natick, MA), and their nucleotide sequences were determined using four-color dye chemistries with the ABI 373S sequencer (PerkinElmer, Wellesley, MA) in the Nucleic Acid Facility at the Wistar Institute.
HA inhibition (HI) assay
The ability of Abs to inhibit viral agglutination of chicken RBC was measured as described previously (33) . Briefly, 4 HAU of T3 or PR8 virus (25 l PBS) were plated in 96-well V-bottom Multiscreen-HA plates (Nunc, Roskilde, Denmark). To prepare serum, blood clotted at room temperature for 45 min was centrifuged, and serum was removed and diluted 1/10 in 1% BSA in PBS plus 0.08% NaN 3 . Two-or 3-fold dilutions of serum (25 l of PBS), beginning with 1/50, were added to the virus and incubated for 1 h at room temperature. Fifty microliters of 1% chicken RBC was added and incubated for 30 min. HA inhibition (HI) titers were determined similarly for purified Abs. HI titers were determined as the highest serum dilution or the lowest Ab concentration at which HA of chicken RBC was inhibited, for serum and purified Ab samples, respectively.
Results
PR8 HA is an abundant membrane-bound self-Ag in HACII mice
HACII mice were previously generated by linking DNA encoding the PR8 HA to sequences encoding a portion of the MHC class II I-E␣ promoter (28) . HA transgene mRNA was detected in a variety of tissues in HACII mice, including BM and spleen, as had previously been described for HA104 mice (data not shown) (26) . We also used flow cytometry to examine BM cells and splenocytes from HACII, HA104, and BALB/c mice for their expression of cell surface HA. HA expression was found to increase in parallel with MHC class II on BM cells from HACII mice, but was not detected on BM cells obtained either from BALB/c or HA104 mice (Fig. 1A) . Indeed, more than one-half of the B220 ϩ BM cells from HACII mice expressed high levels of cell surface PR8 HA (Fig. 1B) . PR8 HA could also be detected on a fraction of splenocytes from HACII (but not BALB/c or HA104) mice when analyzed directly ex vivo; these PR8 HA ϩ cells appeared to be predominantly immature B cells based on their low levels of MHC class II and IgD ( Fig. 1, A and B, and data not shown). When stimulated in vitro with anti-IgM or with IL-4 and a CD154 fusion protein, the majority of B220 ϩ splenocytes from HACII mice (but not from BALB/c or HA104 mice) expressed cell surface HA ( Fig.  1C and data not shown). Splenic CD11c ϩ cells from HACII mice also expressed low levels of cell surface HA when analyzed directly ex vivo, but following overnight culture in vitro all of the CD11c ϩ cells from HACII mice (but not those from BALB/c or HA104 mice) expressed cell surface HA (Fig. 1C) . Together, these data indicate that PR8 HA is expressed as a cell surface Ag that is abundantly available for recognition by developing B220 ϩ cells in the BM of HACII mice. PR8 HA is also constitutively expressed by MHC class II ϩ splenocytes of HACII mice, and its expression can increase substantially following receipt of signals that stimulate MHC class II up-regulation. By contrast, PR8 HA expression was not detectable in HA104 mice by flow cytometry, even though its presence induces negative selection of a population of PR8 HA-specific B cells from the primary B cell repertoire (see below) (26) .
Use of mutant virus immunization to examine B cell tolerance in HACII and HA104 mice
T3 is a mAb-selected influenza virus that is identical to PR8 except for a single Asp to Gly interchange at aa 225 ( Fig. 2A and Ref. 30 ). This mutation is located in one of the four major B cell epitopes on the HA and does not alter any of the eight known CD4
ϩ T cell determinants recognized in BALB/c mice (30, 37) . We previously showed that the majority of the Ab response to the T3 HA in BALB/c mice cross-reacts with the PR8 HA, while ϳ15% is directed to epitopes that include aa 225, uses structurally distinct variable regions, and does not cross-react with the PR8 HA (38) . To examine the effects of the neo self-PR8 HA on B cell repertoire formation, we immunized HACII, HA104, and BALB/c mice with T3 virus and determined the frequency of B cells that can react with T3 and PR8 viruses. We also determined the frequency that could react with the reassortant virus J1, which contains all of the non-HA proteins of PR8 virus but a serologically non-cross-reactive (H3 vs H1) subtype HA ( Fig. 2A and Refs. 31 and 32) . This allowed the frequency of B cells directed to non-HA viral components (i.e., other virus proteins and components such as carbohydrates that derive from propagating the virus in hen's eggs) to be quantitated. As shown schematically in Fig. 2B , the number of B cells that could react with T3, but not with PR8, quantitated the T3 HA-specific B cells that recognize the mutated B cell epitope present in the T3 HA. Likewise, the number that could react with both T3 and PR8, but not with J1, quantitated PR8 HA-specific B cells; these recognize epitopes shared between the T3 and PR8 HA molecules and that are self-epitopes in HACII and HA104 mice. Immunization with T3 virus therefore allowed the development of autoreactive PR8 HA-specific B cells in HA-transgenic mice to be quantitated relative to those directed to non-self-epitopes on the same molecule. In addition, using whole T3 virus as the immunogen ensured that CD4 ϩ T cells directed to abundant non-HA viral proteins could provide a source of intermolecular cognate help for HA-specific B cells (20, 39) .
HA negatively selects primary response IgG-secreting B cells more efficiently than IgM-secreting B cells
We first used ELISPOT analysis to determine the frequency of ASC that were induced 5 days following primary immunization with T3 virus. Splenocytes from BALB/c mice contained HA-specific IgG and IgM ASC; the IgG ASC were approximately twice as abundant as IgM ASC and were predominantly PR8 HA specific (average frequency, 29.9 ASC/10 5 splenocytes; Fig. 3 , A, D, and G, and Table I ). PR8 HA-specific IgG ASC were barely detectable in HACII mice (Յ1 ASC/10 5 splenocytes; Fig. 3H and Table I ) and, as previously described, the average frequency of PR8 HAspecific IgG ASC was also substantially reduced in HA104 mice (4.9 ASC/10 5 splenocytes; Fig. 3I and Table I ) (26) . Significantly, however, both HACII and HA104 mice retained the ability to generate IgG ASC that could react with the non-self-epitope of the T3 HA, since the average frequencies of IgG ASC that reacted with T3 but not with PR8 were similar in BALB/c, HACII, and HA104 mice (15.2, 9.2, and 11.0 ASC/10 5 splenocytes, respectively; Fig.   3 , D-F, and Table I ). Thus, PR8 HA-specific IgG ASC that dominate the primary B cell response to T3 virus in BALB/c mice are negatively selected in HACII mice because of their specificity for the neo-self-PR8 HA, as previously described in HA104 mice (26) . The frequencies of PR8 HA-specific IgM ASC were much more similar in the different lineages. Strikingly, the average frequency of PR8 HA-specific IgM ASC in HACII mice (7.0 ASC/10 5 splenocytes) was reduced by only one-half relative to BALB/c mice, sharply contrasting the ϳ30-fold reduction in the relative frequencies of PR8 HA-specific IgG ASC (Fig. 3E and Table I) . Similarly, PR8 HA-specific IgM ASC were equally abundant in T3-immunized HA104 and BALB/c mice (average frequencies, 14.0 vs 15.2 ASC/10 5 splenocytes, respectively; Fig. 3 , D and F, and Table I), as previously described (26) . Thus, even in HACII mice where the PR8 HA is an abundantly expressed membrane bound self-Ag, it imposed only modest reductions in the frequencies of PR8 HA-specific IgM ASC that could be induced by T3 immunization.
To further characterize the primary Ab response of HACII mice, we generated hybridoma panels from BALB/c and HACII mice 5 days following primary immunization with T3 virus. PR8 HAspecific IgG-secreting hybridomas were isolated in far lower numbers from HACII than BALB/c mice; 75 PR8 HA-specific IgGsecreting hybridomas were obtained from BALB/c mice and only four were obtained from HACII mice, while T3 HA-specific IgGsecreting hybridomas were isolated at similar frequencies (Fig.  4A) . PR8 HA-specific IgM-secreting hybridomas were also isolated at comparable frequencies from HACII and BALB/c mice (Fig. 4A) , despite the pronounced reductions in the frequencies of PR8 HA-specific IgG-secreting hybridomas obtained from HACII mice. These hybridoma analyses therefore closely correlated with the ELISPOT data indicating that PR8 HA-specific IgM-secreting 
A clonotype characteristic of memory responses is induced by primary immunization of HACII mice
The B cell response of BALB/c mice to PR8 HA is comprised of two functionally distinct B cell subsets that can be identified based on the sequences of their Ig variable regions. One subset contributes to the IgG component of the primary Ab response of BALB/c mice to PR8 virus, but fails to form B cell memory. These C12 B cells use the VC12 L chain paired with one of two IgH chain genes, VHC12.1 or VHC12.2 (35, 40) . The second subset participates in primary responses as primarily IgM Ab-secreting cells, but also undergoes somatic mutation and affinity maturation of their Ag receptors to develop into memory B cells. These C4 B cells use the VC4/J5 gene segment combination paired with a number of different V H gene family genes (36) . We examined the PR8 HA-specific hybridomas obtained from HACII mice for the usage of C12 and C4 variable region clonotypes that are characteristic of distinct phases of the immune response to PR8 HA in BALB/c mice.
Approximately one-half of the PR8 HA-specific IgG-secreting B cell hybridomas induced by primary immunization of BALB/c mice use the C12 clonotype, although C12 B cells do not participate in memory responses to PR8 HA (35, 40) . None of the PR8 HA-specific hybridomas generated from HACII mice used the C12 clonotype (Fig. 4B) , and we previously showed that C12 B cells are likewise greatly underrepresented among PR8 HA-specific hybridomas generated from T3-immunized HA104 mice (26) . C4 B cells, in contrast, are typically isolated as unmutated IgM-secreting hybridomas following primary immunization of BALB/c mice and, unlike C12 B cells, C4 B cells can also be isolated as somatically mutated IgG-secreting hybridomas following secondary immunization (36) . We previously showed that one-half of the IgMsecreting hybridomas obtained from HA104 mice used the C4 clonotype (26) and subsequently showed that somatically mutated C4 B cells could be isolated from memory responses of HA104 mice (in which PR8 HA-specific memory responses are unaffected by negative selection; see below) (27) . When we analyzed the PR8 HA-specific IgM-secreting hybridomas from HACII mice, we again found that one-half use the C4 clonotype (Fig. 4B) . These hybridoma analyses support the conclusion based on ELISPOT analysis that PR8 HA-specific primary response IgG-secreting B cells (including C12) undergo substantial negative selection in HACII mice because of their specificity for the neo self-HA, as previously described in HA104 mice (26) . By contrast, the frequency of PR8 HA-specific IgM-secreting B cells (including C4) that can be induced by virus immunization is much less affected by negative selection even in HACII mice, in which the PR8 HA is a membrane-bound Ag that is abundantly available for recognition by developing B cells.
The IgM Ab responses to PR8 HA in HACII, HA014, and BALB/c mice are qualitatively similar
We examined sera from HACII, HA104, and BALB/c mice obtained 5 days following primary T3 immunization for their reactivity with the PR8 HA in HI assays, which require that Abs recognize conformation-dependent epitopes on the HA with sufficient avidity to inhibit virus attachment (33) . The HI titers of HACII mice were reduced by only one-half, on average, relative to those from BALB/c mice, roughly corresponding to the reduced frequencies of PR8 HA-specific ASC measured by ELISPOT (Fig. 5A) . These data suggest that the PR8 HA-specific IgM B cells that were 
FIGURE 4.
Specificity and clonotype usage of HA-specific hybridomas generated from T3-immunized HACII mice. A, The total number of hybridomas and of T3 HA-specific and PR8 HA-specific hybridomas generated from BALB/c (n ϭ 3) and HACII (n ϭ 3) splenocytes 5 days after primary immunization with T3 virus. B, V H and V gene families, as well as the JH and J gene segments used by PR8 HA-specific hybridomas generated from individual HACII mice (3511, 3513, and 756) were determined by nucleotide sequences assigned to previously described families (57, 58) . C12 B cells were identified by the use of the prototypic VC12/ VHC12 gene segment combination. No B cell hybridomas bearing the C12 clonotype were identified. Usage of the VC4/J5 gene segment combination that is characteristic of the C4 clonotype is shown in bold; the nucleotide sequences of these hybridomas were all identical to prototypic VC4/J5 L chains. Hybridomas that yielded mixed V gene sequences using the degenerate V gene primer, but that did not amplify with the VC12-or VC4-specific primers are indicated as "Not C4/C12." The nucleotide sequences of these V regions are available from European Molecular Biology Laboratory/GenBank/DNA Data Bank of Japan under accession numbers AY603667-AY603683. detected in HACII mice are not of unusually low affinity relative to those from BALB/c mice, nor directed toward denatured epitopes that might be present in the virus preparations.
We also purified Abs from C4 IgM-secreting hybridomas obtained from HACII, HA104, and BALB/c mice and examined their reactivity with the PR8 HA. These were comparable whether measured by HI (Fig. 5B) or ELISA (Fig. 5, C-E) , providing further evidence that the PR8 HA-specific IgM Abs from HACII mice do not possess unusually low affinities for the PR8 HA. In addition, we were interested in comparing the reactivity of the C4 Abs with those of the C12 Abs, which undergo more efficient negative selection in HACII and HA104 mice. Because C12 IgG and C4 IgM Abs have different valencies that affect their avidity, we could not compare their reactivity directly. We could however assess their reactivity relative to a pair of Abs that use identical C12 variable region genes in conjunction with either IgG2a (920-18) or IgM (920-108) constant regions that we previously obtained from a T3-immunized HA104 mouse (26) . The six C12 Abs (all of IgG2a isotype) from BALB/c mice exhibited reactivity with the PR8 HA equal to or up to 100-fold greater than the 920-18 Ab (Fig. 5F ). By contrast, the C4 IgM Abs from BALB/c, HA104 and HACII mice all exhibited reactivities toward the PR8 HA that were 10-to 100-fold lower than those exhibited by the 920-108 Ab (Fig. 5, C-E) . These data suggest that C12 IgG Abs, which are subject to more efficient negative selection from the primary B cell repertoires of HACII and HA104 mice, may also typically possess higher intrinsic affinities for the PR8 HA than C4 IgM Abs.
PR8 HA-specific B cells are negatively selected during memory repertoire formation in HACII mice
To determine whether PR8 HA-specific IgM-secreting B cells that participate in primary responses might be subject to negative selection during memory formation, we analyzed the memory B cell responses of BALB/c, HACII, and HA104 mice to reimmunization with T3 virus. BALB/c splenocytes contained a substantial number of PR8 HA-specific IgG ASC 3 days following secondary immunization (average frequency, 67.6 ASC/10 5 splenocytes; Fig. 6G and Table II) . As was observed in the primary response, a small component of the HA-specific IgG ASC response reacted only with T3 virus (average frequency, 11.2 ASC/10 5 splenocytes; Fig.  6D and Table II) . As previously described, the magnitude and specificity of the responses in T3-immunized HA104 mice were comparable to those induced in BALB/c mice (57.7 PR8 HA-specific IgG ASC/10 5 splenocytes and 13.0 T3 HA-specific IgG ASC/ 10 5 splenocytes; Fig. 6 , F and I, and Table II ) (27) . In sharp contrast, PR8 HA-specific ASC were absent from HACII splenocytes following secondary challenge with T3 virus (Fig. 6H and Table  II) . Remarkably, the average numbers of HA-specific IgG ASC that were induced in T3-immunized BALB/c, HA104, and HACII mice were equivalent (78.8, 70.7, and 82.1 ASC/10 5 splenocytes, respectively; Fig. 6, A-C) . However, in HACII mice, these HAspecific IgG ASC were entirely specific for the non-self-epitopes on the T3 HA; HACII mice contained on average 82.1 T3 HAspecific IgG ASC/10 5 splenocytes, whereas BALB/c and HA104 mice contained on average 11.2 and 13.0 T3 HA-specific IgG ASC/10 5 splenocytes, respectively (Fig. 6 , B, E, and H, and Table  II ). The absence of PR8 HA-specific IgG ASC in HACII mice was therefore accompanied by a corresponding Ͼ5-fold increase in the frequency directed to the non-self-T3 epitopes and equals the total number of HA-specific IgG ASC generated in BALB/c mice. The specificity of the serum Ab response was also entirely focused toward T3 epitopes and was of equal magnitude to the entire HAspecific Ab response of BALB/c mice (Fig. 6J) . Thus, in HACII mice, negative selection of PR8 HA-specific B cells focused the specificity of the memory B cell response toward non-self-T3 epitopes and away from reactivity with the PR8 HA. The total magnitude of the HA-specific memory response that was generated nevertheless remained constant, because increased formation of memory B cells directed to non-self-T3 epitopes precisely compensated for the absence of PR8 HA-specific B cells.
B cells from HACII mice mediate dominant negative selection during PR8 HA-specific memory B cell formation
To examine whether the PR8 HA expressed as a self-Ag in HACII mice could mediate dominant negative selection of B cells that had developed in its absence, C.B-17 scid mice were reconstituted with splenocytes from BALB/c or HACII mice, or an equal mixture of each, and analyzed for their memory responses to T3 virus. Mice reconstituted with splenocytes from either BALB/c or HACII mice generated HA-specific IgG ASC with specificities for T3 and PR8 that closely matched those of the intact BALB/c or HACII mice (Fig. 7A) . Those reconstituted with a mixture of BALB/c and HA-CII splenocytes generated HA-specific Ab responses that were entirely specific for T3 virus (Fig. 7A) , and purified B220 ϩ cells from HACII mice induced a similar specificity shift when mixed with BALB/c splenocytes (Fig. 7B) . Thus, B220 ϩ cells from HACII mice mediated negative selection of PR8 HA-specific B cells during memory B cell repertoire formation, even though those B cells had developed in the absence of the PR8 HA. Moreover, in this case also, negative selection of PR8 HA-specific memory B cells was accompanied by a compensatory increase in the formation of memory B cells directed to non-self-T3 epitopes.
Discussion
We have examined how self-tolerance affects the specificity, magnitude, and composition of B cell responses in HACII mice, in which PR8 HA is a membrane-bound self-Ag that is abundantly available for recognition by developing B cells. Using mice containing unmanipulated Ig repertoires and T3 mutant virus immunization, we showed that IgG-secreting B cells (including C12) that dominate primary responses to PR8 HA in BALB/c mice were profoundly reduced in HACII mice, while IgM-secreting B cells (including C4) were much less sensitive to negative selection from the primary repertoire. The PR8 HA-specific IgM-secreting B cells failed however to enter the memory repertoire of HACII mice, and there was a net increase in the production of memory B cells that could recognize the non-self-epitopes on the T3 HA molecule. These studies provide direct evidence that autoreactive B cells can be excluded from memory formation based on their specificity for a membrane-bound self-Ag. They also suggest that selection processes occurring during memory formation act to fill an available niche, because the formation of T3-specific memory B cells increased in HACII mice to precisely compensate for the absence of PR8 HA-specific B cells.
The finding that PR8 HA-specific B cells from BALB/c mice were eliminated from memory responses by mixing with splenocytes or B cells from HACII mice indicated that negative selection is a dominant process. Since these mice also retained the ability to generate T3-specific memory B cell responses, it is unlikely that a lack of CD4 ϩ T cell help or deletion by complement-mediated cytotoxicity or Ab-dependent cellular cytotoxicity caused PR8 HA-specific B cells to be eliminated during memory formation. Rather, signals transmitted to PR8 HA-specific B cells by the neo self-HA via the B cell receptor instructed these B cells to fail to enter into the memory B cell compartment. PR8 HA-specific B cells may be prevented from memory formation in HACII mice because they are rendered anergic; for example, anergic B cells may be able to develop into primary response ASC, but be incapable of progression into memory cells. Since we found that PR8 HA-specific B cells from BALB/c mice were equally sensitive to elimination from memory responses when mixed with B cells from HACII mice, this too could reflect the induction of anergy induced by exposure to PR8 HA-expressing B cells from HACII mice, although in this case it would be acting on mature B cells that had not been anergized during their development in the BM (41) . If this is the case, the induction of anergy could provide a mechanistic basis for establishing tolerance in the memory compartment by limiting the functional potential of cells that evade negative selection from the primary repertoire.
It is also possible that processes acting in the germinal center pathway lead to the negative selection of PR8 HA-specific B cells during memory formation in HACII mice. High doses of soluble Ags have been shown to induce apoptosis of germinal center B cells (22, 23) , and introduction of a Bcl-2 transgene allowed B cells with dual specificity for a foreign and self-Ag to be recovered from germinal center B cells (24, 25) . If B cells develop an increased sensitivity to apoptosis as they enter the germinal center pathway (as suggested by elevated levels of Fas expression) (42) (43) (44) , the ubiquitous expression of PR8 HA could induce apoptosis of PR8 HA-specific B cells more rapidly than T3 HA-specific B cells and T3 HA-specific B cells may then be at a competitive advantage for niches that can be filled by cells receiving positively selecting or survival signals from CD4 ϩ T cells. The defining characteristic of somatic hypermutation in B cells is the reproducible selection of rare cells that have enhanced reactivity toward an immunizing agent, implying that their selection is based on competition for niches that provide survival signals based on goodness of fit (2) (3) (4) . The studies here show that competition could also provide the basis for elimination of autoreactive B cells, since the number of T3 HA-specific B cells that were selected into the memory B cell repertoire in HACII mice increased substantially relative to BALB/c mice at the expense of those directed to the self-PR8 HA.
Our previous studies in HA104 mice provided evidence that separate populations of PR8 HA-specific B cells (i.e., C12 vs C4) differ in their sensitivity to negative selection from the primary B cell repertoire, although the possibility existed that C4 B cells might evade negative selection in HA104 mice because the HA is expressed at low levels or by cell types that are poorly accessible to developing B cells rather than differences in negative selection potential between C12 and C4 B cells (45, 46) . In HACII mice, however, the PR8 HA is expressed as a membrane-bound Ag by a large fraction of B220 ϩ cells in the BM; therefore, it is unlikely that C4 B cells were not exposed to the PR8 HA during their development. Instead, intrinsic differences between C12 and C4 B cells appear to affect their susceptibility to negative selection from the primary B cell repertoire. What could account for their differing sensitivities? C12 B cells appear on average to have higher relative affinities for the PR8 HA than C4 B cells, suggesting that affinity for the neo self-HA could contribute to the sensitivity of PR8 HA-specific B cells to negative selection in HA104 and HA-CII mice. However, in models where deletion and receptor editing of autoreactive B cells has been shown to occur, autoreactive B cells with a wide range of affinities for self-Ags were shown to undergo tolerance induction (47, 48) . Also, C4 IgM Abs and indeed serum Ab responses generated following primary immunization appeared to be of comparable affinity for the PR8 HA in HA-CII, HA104, and BALB/c mice, arguing that low affinity is not the sole reason that these cells evade negative selection.
A second possibility is that distribution among different cell subsets affects the susceptibility of C12 (IgG-secreting) vs C4 (IgM-secreting) B cells to negative selection from the primary repertoire. For example, C12 B cells might derive from marginal zone B cells, which undergo rapid terminal differentiation into ASC to provide a burst of Ab production early during primary immune responses to blood-borne particulate Ags (49 -52) . These properties are consistent with the abrupt expansion, class switching, and terminal differentiation of C12 B cells in response to influenza virus PR8 HA (40) . The higher relative affinities of C12 B cells for the PR8 HA could then in part reflect their activation from a compartment in BALB/c mice (e.g., marginal zone B cells) that might favor high-affinity B cells (53) , while processes that direct development of this compartment might also enhance sensitivity to negative selection. It also remains possible that interactions with the neo self-HA could have altered the development of PR8 HA-specific B cells in HACII mice, such that the PR8 HA-specific IgM responses induced by primary virus immunization derive from distinct B cell subsets in HACII vs BALB/c mice (54) . However, PR8 HA-specific B cells from BALB/c mice were also subjected to negative selection by HACII splenocytes, indicating that the failure of C4 IgM-secreting B cells to mature into memory B cells cannot be solely explained by their activation from a different B cell subset. Future studies using transgenic mice expressing C12 and C4 Ig molecules should help clarify factors governing the differing fates of these populations. Our findings at this stage nevertheless complement previous studies in which transgenic mice expressing autoreactive Igs were shown in some models to be subject to overt deletion (11, 12) , whereas in other systems they could persist in the primary repertoire (15, 16, 55, 56) . We have shown that separate populations of autoreactive B cells can differ in their ability to be prevented from development and activation from the primary repertoire, even when directed to an abundant membranebound self-Ag.
Finally, it is worth noting that the negative selection of HAspecific B cells, when it occurred, was highly specific; HACII and HA104 mice each retained the ability to mount primary IgG Ab responses to the non-self-epitopes on the T3 HA molecule, with similar frequencies to BALB/c mice. Likewise, negative selection of PR8 HA-specific B cells during memory formation in HACII mice led to a complete skewing of the Ab response toward reactivity with non-self-epitopes on the T3 HA. By contrast, the memory responses of HA104 mice to T3 virus were as cross-reactive with the PR8 HA as those of BALB/c mice. Although somatically mutated autoantibodies are a hallmark of certain autoimmune diseases (e.g., systemic lupus erythematosus) (5-7), factors that allow or promote their development remain poorly defined. Because PR8 HA-specific memory B cell formation is unaffected in HA104 mice, the studies here provide evidence that only a subset of selfAgs (such as those expressed at high densities as membrane-bound Ags) may be able to induce negative selection of autoreactive memory B cells. It will be important in future studies to more fully elucidate how expression in different amounts or cell types contributes to the development and targeting of autoantibody responses to particular self-Ags.
